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Abstract 
We report the high-presure synthesis of novel superconductor MgB2 and some related 
compounds. The superconducting transition temperature of our samples of MgB2 is found to be 
36.6 K. The MgB2 lattice parameters determined via X-ray diffraction are in excellent agreement 
with results of our ab initio calculations. The TDPAC measurements of 111Cd quadrupole 
frequency nQ demonstrate a small increase in nQ with decreasing temperature from Troom toTHe. 
The electric field gradient Vzz at the B site calculated from first principles is in fair agreement with 
Vzz obtained from 11B NMR spectra of MgB2 reported in the literature. It is also very close to Vzz 
found in our 111Cd TDPAC experiments, which suggests that the 111Cd probe substitutes for boron 
in the MgB2 lattice. 
 
1. INTRODUCTION 
 
The recent discovery of intermediate-t mperature superconductivity in magnesium diboride MgB2 
with Tc ~ 39 K1 and its almost simultaneous explanation in terms of phonon-mediated BCS 
superconductivity based on the observation of significant boron isotopeeffect2 has triggered an 
avalanche of theoretical work including ab itio electronic band structure calculations (see, 
e.g.3,4,5,6). A recent 11B NMR study7 has revealed an exponential temperature dependence of the 
nuclear relaxation rate 1/T1 in the superconducting (SC) state, with a relatively large SC gap of 
2D/kBTc ~ 5 implying strong-coupling s-wave superconductivity in this system. Other 11B NMR 
studies8,9 of MgB2 have provided important information on the local electronic state of the boron 
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site by measuring the 11B quadrupole coupling constant nQ = eQVzz/h that can be evaluated 
theoretically from first-p inciples calculations.  
 In NMR experiments, however, the resonance frequency of 11B is determined both by the 
hyperfine magnetic interaction and by the hyperfine interaction of the 11B quadrupole moment Q 
with electric field gradient (EFG) Vzz, created at the boron site by electronic and ionic 
environment. This combined interaction complicates the determination of nQ. For instance, Tou et 
al.10 have found that in the normal state (T = 50 K) nQ obtained from magnetic-fi ld dependence 
of the NMR frequency shift is equal to 1100±150 kHz. However, nQ(FWHM) determined through 
the relation nQ(FWHM) = 1.3856(n0Dn)1/2, where Dn  is the width between the peak and shoulder 
of NMR spectrum, is equal to 835 kHz10, in close agreement with the nQ values found in other 
NMR experiments8,9 (see Table 2 below). 
 In this paper, the results of high-pressure synthesis of MgB2, as well as of some related 
compounds are presented. We use the time-differential perturbed angular gg-co relation (TDPAC) 
method to investigate the hyperfine quadrupole interaction at 111Cd probe nucleus in the MgB2 
lattice consisting of alternating graphite-like layers of B atoms and hexagonal layers of Mg atoms, 
with axial symmetry of electric field gradients. Previously, this high-pressure technique has been 
successfully applied, e.g., for synthesis of high-pressure phases of YbFe2 with subsequent 111Cd 
TDPAC investigation of these phases11. In contrast to the NMR experiments, this PAC method 
allows to determine nQ in MgB2 directly, since there is no hyperfine magnetic interaction on the 
111Cd nucleus, owing to the lack of magnetic ordering in MgB2. We present also ab initio band-
structure calculations of EFG's at the B and Mg atoms in MgB2 and compare these results with 
our experimental data.  
 
2. HIGH-PRESSURE SYNTHESIS 
 
Magnesium diboride samples were prepared by reacting stoichiometric amounts of 
powdered B and Mg at constant temperature T ³ 900°C and constant pressure of 6 ~ 8 GPa in a 
high-pressure "Toroid" cell constructed by Khvostantsev et al.12. Two different experimental 
techniques were applied. At first, the pellet was prepared by compacting the well-mixed powder d 
constituents at room temperature. With the first technique of solid-phase synthesis, the pellet was 
placed into the tantalum heater where it was h ld for 20 – 40 min at the constant pressure of 6.2 
GPa and temperature of 950°C which is lower than Tmelt of Mg at this pressure13. In this case, 
temperature was controlled by a chromel-alumel thermocouple located outside the heater near its 
wall. In the second case, the pellet was placed in a rock-salt pipe ampoule and then directly heated 
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electrically to T ~ 1500°C (above Tmelt of Mg) at a constant pressure in the range 6 < p < 8 GPa. In 
the both cases the experimental sample was then rapidly quenched to room temperature, and 
pressure was released. The structural properties of the samples obtained with both techniques 
were found to be identical, and their SC properties are also quite similar. 
 After high pressure–high temperature treatment, the samples were investigated at normal 
conditions. The structure and phase composition of the samples obtained were determined from 
X-ray powder patterns with a 114-mm camera RKU-114 and Cu Ka radiation. X-ray analysis 
showed that at ambient conditions the MgB2 samples have the hexagonal AlB2-type structure, 
space group P6/mmm, and lattice parameters a = 3.075Å, c = 3.519Å, c/a = 1.144. A weak trace 
of MgO was also observed in the powder patterns. AC susceptibility measurements showed the 
SC transition with Tc = 36.6 K. The results of these measurements are presented in Fig. 1. 
 It should be mentioned that we synthesized also 
the compounds BeB2, CaB2 and Ca0.5Mg0.5B2 using the 
same high-pressure technique. All these three alloys do 
not belong to the AlB2-type structure and are not 
superconducting up to 4.2 K. Our results on BeB2 agree 
with other investigations of this compound14. 
 Besides, we synthesized compounds in the systems 
Mg(B1–xGax)2 at 0.05 £ x £ 1.0 and Mg1–xScxB2 at 0 £ x £ 
0.3. The substitution of Mg with Sc was found to reduce 
Tc considerably, but the AlB2-type crystal structure 
remains unchanged. Similar results have been obtained by 
other groups investigating the substitution of Mg with Al15 and Li16. In turn, the replacement of B 
with Ga reduces Tc as well, which correlates with the results of other experiments17 on boron 
sublattice doping. In this series of experiments, however, a single phase of composition close to 
MgBGa was synthesized, which possessed Tc = 32 K. At normal conditions this high-pressure 
phase is rather unstable — it breaks down to the mixture of powdered MgB2 and MgGa2 in a few 
days. The crystal structure of MgBGa was tentatively determined as cubic SrSi2-type structure 
(perhaps, distorted) with lattice parameter a = 6.291Å. In this context, we would like to mention 
the recent work by Sanfilippo et al.18 who observed superconductivity with Tc = 14 K in high-
pressure phase of CaSi2 (AlB2-type structure) at p = 16 GPa. It should be noted that various low-
pressure and high-pressure phases of bothdisilicides, CaSi2 and SrSi2, are characterized by 3-
connected nets of Si19.
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Fig.1. Magnetic susceptibility of MgB2
as a function of temperature. 
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3. TDPAC MEASUREMENTS 
 
 111In was produced via the reaction 109Ag{a, 2n}111In by irradiation of a metallic silver 
target with a particles (Åa = 30 MeV) at the U-200 cyclotron of JINR, Dubna. 111In20 of high 
specific activity was diffused into the MgB2 samples at 550°C for 2.5 hrs. The thermal diffusion 
proceeded in vacuum to prevent oxidation, and a tantalum sample holder was used. The excited 
state (spin I = 7/2+, energy E = 420 keV) of 111Cd populated via the electronic-capture decay of 
111In de-excites, by way of the gg-cascade of 171–245 keV, to the ground state (I = 1/2+) through 
the isomeric intermediate state of 111Cd with I = 5/2+, E = 247 keV, half-period t1/2 = 85 ns and 
nuclear quadrupole moment Q= +0.83(13) b21. The angular correlation of this cascade is largely 
anisotropic (À2max = –18.0%).  
A four-detector TDPAC spectrometer, with detectors arranged in a plane at 90° angular 
intervals and controlled by a personal computer has be n developed22 for detecting PAC at 
different temperatures and pressures. The four NaI(Tl) cylindrical detectors (40x40 mm) coupled 
to the Philips XP2020Q photomultipliers provide the time resolution of 2.5 ns (FWHM) per 
detector pair for gg-cascade of 172–247 keV of 111Cd. The low-temperature experiments can be 
performed with a nitrogen cryostat. 
The components of the EFG tensor referred to its principal axes are denoted as Vxx, Vyy and 
Vzz. In the case of hexagonal MgB2 lattice, the coordinate axes are chosen such that Vzz is the EFG 
component along the crystallographic c xis and çVzzç > çVyyç ³ çVxxç. Then the EFG tensor is 
completely characterized by two parameters: the largest component Vzz and the axial asymmetry 
parameter h defined as h = çVxx – Vyyç/çVzzç. 
Data processing aimed at the determination of these parameters starts with calculation of a 
ratio R(t) from the experimental spectra N(J, t):  
 
R(t) = –2[N(180°, t) – N(90°, t)]/[N(180°, t) + 2N(90°, t)]   . 
 
For polycrystalline samples, with the assumption of a Lorentzian distribution of EFG, theoretical 
calculations23,24 give  
R(t) = À22eff ån s2,ncos(anw0t)exp(–anLt)  , 
 
where w0 is the quadrupole frequency, w0 = 3p½eQVzz/h½/I(2I–1) for half-integral spin I. The 
frequency w0 is a function of the quadrupole coupling constant Q = eQVzz/h. Here Q is the 
nuclear quadrupole moment for 111Cd intermediate state of g-ray cascade, h is the Planck's 
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Fig. 2. 111Cd TDPAC spectra for 
MgB2 at two temperatures. The 
solid curves are the fits of R(t) to 
the experimental data. 
constant and L is a relative width of the quadrupole frequency distribution due to lattice defects 
and other imperfections. The coefficients an a d 2,n depend on n and h24. For h = 0, an is equal to 
n, resulting in a periodic R-vs.-t pattern.  
In Figure 2, the TDPAC spectra taken both at room temperature (a) and at T = 143 K (b) are 
displayed. The least-squares fits of the theoretical relation R(t) t  the experimental data were 
obtained by means of an appropriate MATLAB routine. 
 The spectrum measured at room temperature is characterized by a nonperiodic 
perturbation corresponding to a rather broad distribution 
of the quadrupole frequency with an average value of nQ
equal to 31.0(1) MHz and L = 0.12, which gives Vzz = 
15.4´1016 V/cm2. The spectrum taken at T = 143 K is 
characterized by a periodic perturbation corresponding to 
a smaller distribution of the quadrupole frequency, with 
the average equal to 37.5(1) MHz and L = 0.05, which 
gives Vzz = 18.6´1016 V/cm2.  
Thus, the quadrupole coupling constant nQ ( d, 
correspondingly, Vzz) decreases with increasing 
temperature. This result does not contradict to the well-
known law of T3/2 applicable mainly to the probe nuclei 
of sp elements23, nQ(T) = nQ(0)(1 – BT3/2), where nQ(0) is 
the quadrupole coupling constant at 0 K. ForMgB2, the 
value of parameter B obtained by fitting the nQ(T) law to 
the experimental data is B ~ 4.8´10–5 K–3/2. This formula 
extrapolated from the normal state to lower temperatures 
gives an estimate nQ(0) ~ 40.9 MHz, corresponding to 
Vzz ~ 20.3 ´1016 V/cm2. 
 
4. AB INITIO CALCULATIONS 
 
 We calculated the electronic band structure and ground-state (i.e. at T = 0 K) properties of 
MgB2 within density functional theory25 using the full-potential linearized augmented plane wave 
(FPLAPW) method as implemented i the WIEN97 code26, with the generalized gradient 
approximation (GGA)27 for the exchange-correlation potential. The muffin-tin radii of Mg and B 
equal to 1.8 and 1.5 a.u., respectively, were kept constant on varying both the volume and c/a. The 
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mesh of 162 k-points was used in the irreducible wedge of the Brillouin zone. The Mg 2s and 2p 
states were treated as band states using the local orbital 
extension of the LAPW method28. Parameters of our 
calculation were as follows: the potential and the charge 
density were expanded up to lmax = 10 and gmax = 15 
a.u.–1, the cutoff rMTkmax was chosen to be equal to 8.0. 
 Total energy was calculated as a function of unit 
cell volume W over the range (0.88 – 1.09)Wexp, where 
Wexp is the experimental equilibrium volume at normal 
pressure. At each value of W, the c/a ratio was 
optimized. An energy-vs.-volume relation obtained by 
integrating the Birch p(W) equation of state29 was fitted 
to the calculated values of E(W) to find the theoretical 
equilibrium volume Wteor = 1.002Wexp, the bulk modulus 
K and its pressure derivative K' (s e Table 1 below) The 
lattice parameters a, c and c/a determined in this work 
are presented in Fig. 3, where the experimental results 
by Vogt et al.5 are also plotted for comparison. 
 
5. DISCUSSION 
 
Table 1 presents the MgB2 lattice parameters determined in this work, as well as those 
measured by various groups2,5,30,31 and calculated from first principles3,4,5,6. As is evident from 
Table 1, almost all the experimental and theoretical lattice parameters, a and c, are in very good 
agreement with each other (note the coincidence of our theoretical lattice parameters with those 
calculated in Ref. 4 using the same WIEN97 code). However, the more sensitive c/a ratio obtained 
in all the calculations is systematically slightly higher than c/a measured experimentally. Among 
the experimental lattice parameters, the lowest a, c and he highest c/a are observed for our 
samples synthesized at a constant high pressure in the range 6 – 8 GP . A noticeable spread in 
lattice parameters measured by various groups for samples obtained at different conditions may be 
ascribed to an appreciable non-stoichiometry, namely, a possible deficit either in Mg or in B. 
Notice that the ambient-pressure synthesis at Ò ~ 900 – 950ºC (see, e.g. Ref. [2]) might lead to the 
essential sublimation of magnesium (at p = 0, Tmelt of Mg is equal to 650ºC), with the resultant 
deficit in Mg. On the other hand, according to Pearson32, a deficit in B is practically unavoidable 
in MgB2. It should be mphasized, however, that at the high-pressure synthesis of MgB2, the 
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Fig. 3. Volume dependence of the lattice 
parameters (a) and c/a ratio (b) of MgB2. 
The c/a value measured in this work is 
denoted with solid circle. The open circles 
and the crosses r present the results of our 
calculations and the experimental data5, 
respectively. 
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sublimation of either element is impossible, because (i) Tmelt and Tsubl of parent substances 
increase with increasing pressure13 
and (ii) the reaction proceeds in 
closed space. 
So, it can be expected that the 
high-pressure synthesis favors the 
formation of stoichiometric 
compound MgB2 with the Mg/B ratio 
rather close to 1/2. However, on 
keeping at ambient conditions for a 
few days, the samples of MgB2 turn 
out unstable, their color changes, and 
the intensity of the MgO peaks in the 
X-ray patterns increases as a result of 
oxidation. Noteworthy is the study by 
Jorgensen et al.30 who applied the 
refinement of their neutron 
diffraction data to evaluate the degree 
of non-stoichiometry of their samples 
(prepared under argon pressure of 50 
bar) and found the ideal Mg/11B ratio 
of 1/2. So far, however, no direct 
method has been used to investigate 
the stoichiometry of MgB2. The analysis of various experimental and theoretical results on MgB2 
implies that the thorough investigation of its superconducting and other physical properties 
requires either the obtaining of polycrystalline samples with composition controlled to high 
accuracy or the growth of MgB2 single crystals.  
The superconducting transition temperature measured for our MgB2 samples ynthesized 
at high pressure is Tc ~ 36.6 K, which is lightly lower than Tc ~ 39 K found by other groups. This 
corresponds to a decrease in Tc with decreasing volume (increasing pressure), which was observed 
for MgB2 samples synthesized at normal pressure31,33. 
 While the quadrupole frequency determined in our 111Cd TDPAC measurements increases 
with decreasing temperature, no temperature dependence of nQ(FWHM) was observed in the 11B 
NMR experiments9. This fact, together with the large (> 30%) discrepancy between the nQ values 
Table 1. Theoretical and experimental information on 
structural and mechanical properties of MgB2 at normal 
conditions 
 
Refe-
rence 
a (Å) c (Å) c/a B (GPa) B' 
Experiment 
[2] 3.140 3.520 1.121   
[5] 3.086 
3.048a 
3.521 
3.457a 
1.141 
1.134a 
151±5 4 
[30] 3.085 
3.082b 
3.521 
3.515b 
1.141 
1.140b 
146.8  
[31] 3.084 3.523 1.142   
Present 3.075 3.519 1.144   
Theory 
Present 3.075 3.527 1.147 142.6 3.46 
[4] 3.075 3.527 1.147 140.1 3.93 
[6] 3.065 3.519 1.148   
[3] 3.071 3.528 1.149   
[5] 3.089 3.548 1.149 139  
 
a p = 8 GPa. 
b T = 37 K. 
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determined by two different ways in Ref.10, points out that the temperature dependence of Vzz 
cannot be established reliably in NMR experiments. 
 The calculated values of EFG's at the B è Mg sites of MgB2 are displayed in Table 2. As is 
seen from the table, Vzz on the B site is about one order of magnitude higher than Vzz at the Mg site 
and is opposite in sign. The value of EFG at the B site is in reasonable agreement with EFG's 
obtained from 11B NMR spectra8,9,10. As for Vzz at 
the Mg site, no 25Mg NMR measurements have 
been made for MgB2 so far, which could provide 
relevant experimental information. 
In the process of thermal diffusion, 111In — a 
parent isotope for 111Cd — could replace both the 
Mg and B atoms in the MgB2 lattice. Indium is 
isovalent to boron, but its atomic radius is 
comparable with that of Mg. Considering that the 
experimental EFG obtained from our 111Cd 
TDPAC measurements of nQ is close to 
calculated Vzz at the B site, we suppose that in our 
experiments, 111In probe falls into the B site of 
MgB2 lattice. Probably, a broad distribution of 
quadrupole frequencies observed in the TDPAC 
spectra reflects a large degree of disorder 
occurring around the 111In/111Cd probe because of 
considerable difference in size between B and In/Cd atoms. 
 To conclude, our high-pressure technique was applied for synthesis of MgB2. We consider 
this method to be capable of producing MgB2 samples close to stoichiometry. The value of EFG 
at the B site, obtained in this work both from ab initio calculations and from 111Cd TDPAC 
experiments, agrees rather well with those determined from 11B NMR spectra. In contrast to the 
NMR experiments, our TDPAC measurements show that nQ and, correspondingly, Vzz increase as 
temperature decreases from room temperature to T = 4 K. 
 
Acknowledgements—We are grateful to E.G. Maksimov for valuable discussions and to A. 
Werbel for providing the setup for thermal diffusion. The work was supported by the Russian 
Foundation for Basic Research, Grant 99-02-17897. M.V. Magnitskaya acknowledges partial 
financial support from International Science and Technology Center under project No. 207. 
 
Table 2. EFG's Vzz (10
16´V/cm2) obtained 
both from our TDPAC measurements and 
from the NMR experiments in comparison 
with our theoretical results 
 
              Site Mg B 
        Calculation –3.2 18.5 
 
111Cd PAC 
Troom 
143 K 
0 Ka  
 15.4 
18.6 
20.3 
 
 
 
 
11B NMR 
[8] 
[9] 
 
 
[10] 
 16.8 
17.0±0.1 
 
17.0±1 
22.4±3b 
 
a Extrapolation to T = 0. 
b Determined from field dependence. 
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